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We explored the effects of the Al-mole fraction (x) of AlxGa1-xN barrier layers and the thickness of some layers on carrier 
densities and electron probability densities in normally-on AlGaN-GaN double-channel high electron mobility transistors. 
Investigations were carried out by solving non-linear Schrödinger-Poisson equations, self-consistently including polarization 
induced carriers that are important for GaN-based heterostructures and two-dimensional electron gas (2DEG) formation. 
Strain relaxation limits were also calculated, in which optimized cases were found for the investigated Al-mole fraction and 
thickness values under pseudomorphic limits. The effect of the investigated thickness changes on electron probability 
densities show no important change in the overall simulations. In addition to a carrier increase in the selected optimum 
cases, reasonable mobility behavior is also expected.  
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1. Introduction 
 

GaN-based high electron mobility transistors 

(HEMTs) have demonstrated a large potential for 

applications in high–power, –frequency, and –temperature 

electronics [1-3]. Significant improvements in rf and dc 

performances have been achieved with improvements in 

material quality, device fabrication, and layer structures 

[4-7]. However, in spite of the improvements made, GaN-

based HEMTs are still far from reaching the theoretical 

maximum performances. In GaN-based heterostructures - 

including HEMTs - with wurtzite crystal structures in the 

0001 orientation, there are strong polarization fields. 

These polarization fields are classified as the piezoelectric 

polarization field [8] and spontaneous (or pyroelectric) 

polarization field [9], in which these fields largely 

influence the band structures and electron densities of 

these heterostructures. Further investigation and 

understanding of the transport properties of the 

polarization-induced two-dimensional electron gas 

(2DEG) is required for the improvement of the device 

performances. 

To explore further improvements in device 

performance, double-channel HEMTs (DCHEMTs) have 

been reported for reduced access resistance and improved 

linearity [10, 11]. Further improvements in transport 

properties such as the carrier densities and mobilities of 

2DEG are also reported. The effect of polarization is 

known to be enhanced in DCHEMTs, compared to 

conventional HEMTs. In DCHEMTs, both positive and 

negative polarization charges emerge at the 2DEG 

interfaces. In a conventional GaN-based HEMT, only 

positive polarization emerges at the 2DEG interface. 

Therefore, the total electric field is increased in DCHEMT 

structures, which concludes an important carrier density 

increase [10]. This phenomenon is specific to nitride 

heterostructures where the large polarization fields exist. 

Maeda et al. observed drastically enhanced 2DEG 

mobility in DCHEMTs compared with that in HEMTs, for 

those samples with carrier densities of approx. 
12107   

cm-2 [12]. Because of these advantages attained by the 

structure, interest in GaN-based DCHEMTs has grown 

recently [7, 13-15]. 

In the present study, we theoretically explore the 

effects of the Al-mole fraction (x) of AlxGa1-xN layers and 

the layer thicknesses of some layers on the carrier 

densities and electron probability densities in normally-on 

AlGaN-GaN-based DCHEMT structures. Investigations 

were carried out by solving non-linear Schrödinger-

Poisson equations, self-consistently including polarization 

induced carriers was calculated using nextnano3 device 

simulation package for the wurtzite 0001 growth axis [16]. 

The strain relaxation limits were also calculated with a 

simple critical thickness calculation approach [17]. 

 

 

2. Device structures and simulation 
 

Fig. 1 shows the layer sequence of the simulated 

DCHEMT structures. All of the layers are grown on a 

GaN buffer pseudomorphically. From the buffer to cap 
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layer, which are two channels that are hereinafter referred 

to as -well and -well, are presumed to be observed. AlN 

interlayers are used with thicknesses of 1 nm, which is 

well known to be the optimum thickness value for higher 

mobility and carrier density [17, 18]. In the simulations, 

the Al-mole fraction of AlxGa1-xN layers, the thickness of 

the AlxGa1-xN layer of -well and the thickness of the 

GaN layer of -well are changed systematically, and their 

effects on the carrier densities and electron probability 

densities are investigated. 
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Fig. 1. Simulated device structure. 

 

 

Every simulation procedure begins with a strain 

calculation with homogeneous strain dispersion over the 

simulated region. The strain tensor  , which is the 

symmetrical part of the deformation tensor can be defined 

as 
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Here, u


is the displacement due to lattice 

deformations and i,j = {1,2,3}. The off-diagonal strain 

components (shear strain) measure the strain where the 

angles change and the volume remains constant. For the 

0001 growth axis wurtzite structure, the off-diagonal strain 

components are all accepted as zero (
xy = xz =

yz =0). 

Diagonal strain components are related with the volume 

change in crystal. For the 0001 growth axis wurtzite 

structure, diagonal strain components ( xx ,
yy , zz ) are 

related with each other and can be easily calculated from 

the lattice parameters of the related layers as follows 
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Here, C11 and C33 are the elastic constants, aBottom and 

aUpper are the lattice parameters of the bottom and related 

upper layers, respectively. xx and 
yy are called bi-axial 

strain, and they are in plane of interface where the strain 

formed. zz  is called uni-axial strain and it is 

perpendicular to interface. After strain calculation, the 

band edges are calculated by taking full account of the 

van-de-Walle model and strain. With the calculated strain, 

the piezoelectric polarization of each layer are then 

calculated with using  
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Here, e31 and e33 are the piezoelectric constants. The 

spatial variation of total polarization leads to polarization 

induced carriers. With the known spontaneous polarization 

(PSP) and the calculated piezoelectric polarizations of the 

related layers, polarization induced charge densities are 

calculated. 

 
Table 1. Lattice parameters, elastic constants, 

piezoelectric constants and the spontaneous polarization  

          values of GaN and AlN materials [19-22]. 

 

Parameter GaN AlN 

a (nm) 0.3189 0.3112 

e31 (C/m2) -0.35 -0.50 

e33 (C/m2) 1.27 1.79 

C13 (GPa) 106 108 

C33 (GPa) 398 373 

PSP (C/m2) -0.034 -0.090 

 

 

The quantum states are allocated in previously 

determined quantum regions. Subsequently, a starting 

potential value is determined and the nonlinear Poisson 

equation is solved with the calculated piezoelectric and 

spontaneous charges. In the last step of the simulation, 

Schrödinger’s equation and Poisson’s equation are both 

solved self-consistently in order to obtain the carrier 

distribution, wave functions, and related eigenenergies. 

The material parameters i.e. lattice parameters, elastic 

constants, piezoelectric constants and the spontaneous 

polarization values of AlN and GaN, are listed in Table 1 

[19-22]. For the AlxGa1-xN layers, lattice parameters, 

elastic constants and piezoelectric constants are calculated 

with Vegard’s law. For the spontaneous polarization of 

AlxGa1-xN layers, following bowing formula is used [19] 

 

)1(021.0)1(1 xxPxxPP GaN

SP

AlN
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The conduction band structures, electron densities, 

and wave functions of the electrons are calculated for 

different layer thicknesses and different Al-mole fractions. 

In every case, the strain values are calculated. A simple 

estimation for the critical thickness below the strain 

relaxation limit is given by the relation [17] : 

xxecr bt / . Here, be is the Burger's vector with a value 
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of be = 0.31825 nm [23]. We assume a total homogeneous 

strain over the GaN layers of the each pseudotriangular 

quantum well, which is calculated with the strain values of 

every layer over the related GaN layer. 

 

3. Results and discussion 
 

Fig. 2 shows the calculated conduction band energy 

diagram for the case of t-AlGaN = 10 nm, t-AlGaN = 25 nm, 

t-GaN = 25 nm, and x = 0.25, as an example. Here, t 

represents the related layer thicknesses. For the case 

shown in the figure, the first eigenvalues of both wells are 

under the Fermi level, which means both wells are 

populated. To find an optimum result, we firstly 

investigated the effect of the AlxGa1-xN barrier layer 

thickness of -well on the carrier densities. 
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Fig. 2 Calculated conduction band energy (EC) diagram 

for  a  DCHEMT  structure.  Layers  are   shown   with  a  

         material name that has a well name prefix.  

 

 

Fig. 3 (a) shows the t-AlGaN dependent total carrier 

densities for the cases x = 0.25, 0.35, and 0.45. Here, the 

-GaN thickness is accepted as 25 nm, which is under 

strain relaxation for a single channel HEMT case. As can 

be seen in the figure, generally, carrier densities increase 

with the increase of t -AlGaN values. This behavior is 

typical for conventional HEMT structures [24]. In our 

case, carrier densities are intended to increase due to the 

populated second channel at low thickness values. In the 

figure, the pseudomorphic cases are shown as solid lines 

and the values above the strain relaxation are shown as 

dashed lines. The highest carrier density increase in the 

pseudomorphic cases was observed for x = 0.25. In order 

to investigate the effect of a second conducting channel, 

the individual carrier densities of both wells are shown in 

Fig. 3 (b). The barrier thickness dependent behavior of the 

carrier densities of -well is typical for a conventional 

HEMT structure, as stated above. The carrier density of -

well decreases along with the increase of t-AlGaN. This 

behavior is due to the increased band offset between the 

wells that cause a depopulation of -well.  
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Fig. 3 (a) -AlGaN barrier thickness dependent total 

carrier densities of both wells and (b) individual carrier 

densities  of  both  wells  for  different  Al-mole  fractions.  

      Dashed lines represent the strain relaxed situation.   

 

 

Fig. 4 (a) and (b) show the wavefunctions of the 

2DEG carriers of -well and -well, respectively. As can 

be seen in the figure, the probability densities of the 

carriers are nearly independent of the t-AlGaN change. If we 

accept that the probability densities of the carriers are 

linearly correlated with the well-width of the 

pseudotriangular quantum wells, then we can conclude 

that all of the well-width dependent scattering mechanisms 

such as background impurity (BI) scattering (
1

0

−ZBI ) 

[25], interface roughness (IFR) scattering (
6

0ZIFR ) 

[26, 27], and polar optical phonon (PO) scattering 

(
1

0

−ZPO ) [28] are not significantly changed with the 

t-AlGaN. For 2D carriers, IFR and PO are the dominant 

scattering mechanism at low temperatures [29] and [28] at 

high temperatures, respectively. In order to find an 

optimum result, we accepted a thickness of t-AlGaN = 10 

nm. For this thickness value, the total carrier density of the 

DCHEMT structure was 150% greater than a conventional 

HEMT structure with a barrier thickness of 25 nm (just 

below strain relaxation). In addition to the increase in the 

carrier density, the mobility behaviors of the 2DEG 

carriers of both wells were also expected to be reasonable.  



Numerical optimization of Al-mole fractions and layer thicknesses in normally-on AlGaN-GaN double-channel high electron … 581 

 

z (nm)

30 31 32 33 34 35 36



 (

z
) 

(1
/n

m
)

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

z (nm)

60 62 64 66 68



 (

z
) 

(1
/n

m
)

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

0.0016

0.0018

0.0020

(1) 5 nm

(2) 10 nm

(3) 15 nm

(4) 20 nm

(5) 30 nm

(6) 40 nm

(7) 50 nm

(b)

-well

(a)

-well

 
 

Fig. 4 Probability densities of the 2DEG carriers of (a) 

-well and (b) -well for different t-AlGaN values. 
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Fig. 5 (a) -GaN thickness dependent total carrier 

densities of both wells and (b)  probability densities of 

the  2DEG  carriers  of  -well  for different t-GaN values. 

 

Fig. 5 (a) shows the total carrier density versus the -

GaN thickness (t-GaN) results. The total carrier density was 

decreased drastically for t-GaN < 20 nm due to the 

depopulation of -well. The maximum carrier density was 

calculated for the t−GaN = 25 nm case. Fig. 5 (b) shows the 

wavefunctions of the 2DEG carriers of -well for different 

t-GaN values. In this case, the behavior of -well is nearly 

the same as -well. The wavefunction of the 2DEG 

carriers of the t-GaN = 25 nm case is not near to the 

AlN/GaN interface and does not broaden into the GaN 

layer. It can be concluded that the t-GaN = 25 nm case can 

be accepted as an optimum case with a reasonable 

response to scattering mechanisms as discussed above and 

with the observed maximum total carrier density values. 

 

 
4. Conclusions 
 

We have modeled the effects of the Al-mole fraction 

of AlxGa1-xN barrier layers and the thickness of some 

layers on the carrier densities and electron probability 

densities of both pseudotriangular quantum wells in 

normally-on AlGaN-GaN based DCHEMT structures with 

self-consistent solutions of non-linear Schrödinger-Poisson 

equations. The well near the substrate is called alpha and 

the other is beta, in which all of the related layers to the 

corresponding well are prefixed with these names. The 

pseudomorphic conditions were also calculated for all the 

simulations, in which the optimizations were limited 

within the strain relaxation limits. The highest increases in 

the total carrier density were calculated for x = 0.25. Here, 

t -AlGaN was used as 25 nm and the AlN interlayers were 

used as 1 nm each. The effects of the thicknesses of -

AlGaN and -GaN on the electron probability densities 

shows no important change so that the t -AlGaN = 10 nm 

and t -GaN = 25 nm values are accepted as optimized 

values due to the important increase in the carrier densities 

in these respective  thicknesses values. 

These simulation results are important figures of merit 

in order to experimentally obtain higher carrier densities in 

normally-on DCHEMT structures. Future experimental 

explorations involving pseudomorphic growths could cast 

a definitive answer in terms of carrier density and 

mobility, which is, however, beyond the scope of the 

present paper. 
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